U nplanned hospital readmissions after surgery pre sent medical and financial challenges for health care systems and have emerged as an important measure of health care quality and efficiency.
tions. 2, 14, 18 Previous studies have demonstrated that read mission in pediatric patients can be accurately predicted from preexisting patient conditions and the severity of the condition necessitating admission.
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Unplanned readmission has not been well studied in pediatric neurosurgery despite growing attention paid to unplanned readmission as a quality outcome measure. Pe diatric neurosurgery had the highest morbidity and mor tality rates of any pediatric surgical specialty in a beta phase report of the American College of Surgeons (ACS) National Surgical Quality Improvement Program-Pediat ric (NSQIPP) database, indicating a need to assess pa tient risk factors for complications, readmission, and other outcome measures in neurosurgery. 4 Previous studies have investigated return to the health care system (readmission or reoperation) after pediatric neurosurgery at a single in stitution 9, 21, 26 and 30day outcomes after pediatric shunt surgery; 20 to our knowledge, however, no study has used a national, multiinstitutional patient database with follow up to analyze risk factors for readmission after any pe diatric neurosurgical procedure. Identifying the baseline rate of readmission for common pediatric neurosurgical procedures is useful to provide a benchmark for quality improvement efforts. Additionally, examining the risk fac tors for unplanned readmission will facilitate evidence based patient risk stratification by health care systems to develop guidelines to reduce the likelihood of unplanned readmission.
The purpose of this study was to analyze patient and operative risk factors for unplanned readmission within 30 days of primary pediatric neurosurgical procedures by using a national surgical patient database with follow-up.
Methods

Data source
The ACSNSQIPP is a nationwide, prospectively col lected patient database with over 50 participating institu tions and more than 300 patient variables. 1 It includes the following de-identified and Health Insurance Portability and Accountability Act (HIPAA)-compliant variable cat egories: patient demographics, comorbidities, operative variables, preoperative lab values, primary procedure cur rent procedural terminology (CPT) codes, International Classification of Diseases, Ninth Revision (ICD9) codes, and 30day postoperative events such as readmission, re operation, mortality, and complications.
Rates of discrepancies between data abstractors are less than 2% as data abstractors are trained by the ACS to ensure the collection of high-quality data.
1 Patient follow up is performed by telephone or letter for a maximum of 30 days after discharge.
1 Previous studies have shown that the NSQIP-P achieved 91.4% confirmed 30-day followup. 4 Institutional participation in the NSQIP is associated with reductions in postoperative adverse events 11 and al lows for a more thorough riskadjusted analysis than an institutional administrative database. 25 The NSQIP has been shown to capture allcause and unplanned readmis sion occurrences more accurately than information from medical records regarding the cause of readmission. 22 Our institution does not require institutional review board ap proval for NSQIP studies given that NSQIP data are non identifiable and HIPAA compliant.
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Data acquisition
We queried the NSQIPP database for patients younger than 18 years (at the time of the procedure) who had un dergone a procedure performed by a neurosurgeon or pe diatric neurosurgeon during the period from 2012 to 2013. Procedures were grouped by CPT codes into the following procedural categories: spine; craniotomy for craniosyn ostosis; craniotomy for neoplasm; craniotomy for Chiari decompression; shunt or ventricular catheter placement; shunt or ventricular catheter revision, removal, or irriga tion; myelomeningocele (MMC) repair; skin lesion; and other. Procedure categories and specific CPT codes within each category are listed in Fig. 1 .
Patient demographic information included age, sex, and race. Patient comorbidities of interest included obesity, pulmonary comorbidity, gastrointestinal comorbidity, re nal comorbidity, CNS comorbidity, cardiac comorbidity, steroid use (within 30 days before the principal procedure or at the time the patient was being considered as a candi date for surgery; it did not include shortterm use, such as a 1time pulse, limited short course, or taper of ≤ 10 days), chemotherapy within 30 days prior to surgery, radiotherapy within 90 days prior to surgery, open wound (with or with out infection), tracheostomy at the time of surgery, immune disease or immunosuppressant use, nutritional support (in travenous or nasogastric tube), bleeding disorder, hemato logical disorder, current or previous history of malignancy, history of prematurity, intraventricular hemorrhage, preop erative systemic inflammatory response syndrome (SIRS) or sepsis within 48 hours prior to surgery, and congenital malformation of any organ system (a detailed list of condi tions included within each NSQIPP categorical comorbid ity variable is shown in Supplement S1).
Operative and hospital variables of interest included hospital length of stay; inpatient or outpatient status; con current procedure status; prior operation within 30 days; transfer status; discharge destination; operative time; American Society of Anesthesiologists (ASA) score; blood transfusion; elective, urgent, or emergent triage; and wound classification.
Preoperative lab values of interest included hypoalbu minemia, hyponatremia, hypernatremia, elevated white blood cell (WBC) count, thrombocytopenia, elevated as partate transaminase (AST), elevated blood urea nitrogen (BUN), abnormal prothrombin time (PT), and abnormal partial thromboplastin time (PTT).
Noted postoperative complications included infections (surgical site infection [SSI], sepsis, urinary tract infection [UTI], pneumonia, central line bloodstream infection), wound disruption, unplanned intubation, renal failure or insufficiency, coma lasting more than 24 hours, cerebro vascular accident (CVA; stroke or intracerebral hemor rhage) or intracranial hemorrhage, seizure, peripheral nerve injury, cardiac arrest, graft or prosthesis failure, deep venous thrombosis (DVT), and pulmonary embolism (PE). The NSQIP-P data on time to postoperative compli cations were analyzed.
Unplanned readmission is defined in the NSQIP da tabase as "any unplanned readmission for any reason within 30 days of the principal surgical procedure. The readmission has to be classified as an 'inpatient' stay by the readmitting hospital, or reported by the patient/family as such." 1 Unplanned readmission is coded in the NSQIP "if the readmission was unplanned." Previous studies have demonstrated that an unplanned readmission designation in the NSQIP has greater than 95% agreement with hos pital chart records regarding planned versus unplanned readmission designation.
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We defined readmission risk factors as any patient char acteristic or event (pre or postoperatively) that increased the likelihood of postoperative readmission. This defini tion included postoperative complications (for example, SSI) that could also be reasons for readmission.
Data analysis
Univariate analysis of unplanned readmission outcome association with procedure type, patient demographics, patient comorbidities, preoperative lab values, operative variables, and postoperative complications was performed using the chi-square test, Fisher's exact test, or univari ate logistic regression where appropriate. Variables with significance of p ≤ 0.20 in the univariate analyses were then entered into a multivariate analysis via binary logistic regression and were considered independently significant when p ≤ 0.05. As a secondary analysis, we applied a Bon ferroni correction to the univariate analysis to correct for the higher risk of Type I error due to the use of over 100 independent variables. In this case, only variables with p ≤ 0.002 in the univariate analysis were entered into the mul tivariate analysis (the a corrected value for reaching signifi cance in the Bonferroni correction is calculated by divid ing the original a value-in our case, 0.2-by the number of independent variables in the analysis). Receiver operat ing characteristic (ROC) curve analysis was performed for multivariate regression model validation. Statistical analy ses were performed using SPSS version 22.0 (IBM Corp.).
results
A total of 9799 cases met our inclusion criteria, 1098 (11.2%) of which had an unplanned readmission within 30 days. An additional 166 readmissions were planned, mak ing a total of 1264 postoperative readmissions within 30 days. The average time to unplanned readmission after the primary procedure was 14.04 ± 7.74 days (mean ± SD). Procedures with the highest unplanned readmission rates included replacement or irrigation of ventricular catheter (CPT code 62225, commonly used to describe revision of the proximal catheter of a shunt system, 19.7% readmitted), replacement or revision of CSF shunt (CPT code 62230, used to describe revision of a valve or dis tal catheter in a shunt system, 16.0% readmitted), MMC repair > 5-cm diameter (CPT code 63706, 15.4% read mitted), creation of CSF shunt (CPT code 62223, 14.1% readmitted), and craniectomy for excision of infratento rial brain tumor (CPT code 61518, 13.9% readmitted). Mortality for 3 of these procedures (MMC repair, shunt placement, and infratentorial tumor excision) was greater than the mortality for the general pediatric neurosurgical population in this study (among the 9799 cases). All but 1 of the 5 procedures with the highest readmission rates were relatively common, with each of the 4 accounting for more than 5% of the total procedures performed (MMC repair > 5 cm accounted for only 1.3% of all procedures). The highest rates of unplanned readmission by procedure are shown in Table 1 .
Rates of unplanned readmission varied significantly according to procedural category (as defined by lists in Fig. 1 ), ranging from 1.0% for skin lesion procedures to 16.8% for shunt revision, removal, and irrigation proce dures. Two procedure categories showed no significant difference in the rate of unplanned readmission compared with all other procedures: craniotomy for neoplasm and other (primarily baclofen pump placement procedures). Procedure category associations with unplanned readmis sion can be found in Table 2 .
Some patient characteristics and demographics, in cluding length of hospitalization, prior operation within 30 days of the current procedure, admission through the emergency room, discharge to home compared to other types of discharges, and Native American race, were sig nificantly different between readmitted and nonreadmit ted groups on univariate analysis. No difference was seen for age, neonate status, patient sex, inpatient or outpatient status, white race, African American race, Asian race, Pa cific Islander race, unknown race, concurrent procedure, or transfer from an outside hospital or rehab facility. A longer hospitalization was a significant protective factor for unplanned readmission via univariate logistic regres sion (OR = 0.993 per day increase, 95% CI = 0.987-0.999, p = 0.033). Patient demographics and characteristics are displayed in Table 3 .
Several patient comorbidities were significantly associ ated with unplanned readmission on univariate analysis, including the presence of any comorbidity, the presence of any nonCNS comorbidity, pulmonary comorbidity (specific conditions significantly associated with read mission: asthma, bronchopulmonary dysplasia, oxygen supplementation, and structural pulmonary abnormality), gastrointestinal comorbidity (specific conditions signifi cantly associated with readmission: esophageal, gastric, or intestinal disease), CNS comorbidity (specific condi tions significantly associated with readmission: history of CVA or traumatic brain injury, CNS tumor, developmental delay, cerebral palsy, seizure disorder, and structural CNS abnormality), steroid use > 10 days, chemotherapy within 30 days prior to surgery, radiotherapy within 90 days prior Table 4 .
No preoperative laboratory values were significantly associated with unplanned readmission on univariate analysis. Hypoalbuminemia and elevated WBC count alone met criteria for inclusion in the multivariate model (p < 0.2). No difference was seen for hyponatremia, hy pernatremia, thrombocytopenia, elevated AST, elevated BUN, abnormal PT, abnormal PTT, or anemia. Preopera tive laboratory values are displayed in Table 5 . Of note, not all patients had preoperative laboratory values measured.
Operative variables significantly associated with un planned readmission on univariate analysis included a shorter operation, triage status, and ASA classification. No difference was observed for wound classification over all (p = 0.310); however, dirty and/or infected wound sta tus was entered into the multivariate analysis (p < 0.2). Similarly, perioperative blood transfusion (p = 0.129) was included in the multivariate analysis. Although a longer operation was protective for readmission on univariate lo gistic regression (OR = 0.960 per hour increase, 95% CI = 0.925-0.995, p = 0.027), a longer operation emerged as an independently significant risk factor for readmission on multivariate analysis (OR = 1.059 per hour increase, 95% CI = 1.006-1.114, p = 0.029). When all variables in the multivariate analysis were accounted for, the protective ef fect of a longer operation (a 4% decrease in readmission risk per hour increase in operative time) diminished and actually became a risk factor (a 5% increase in readmis sion risk per hour increase in operative time). This was expected, as longer operations are typically performed in patients with more severe underlying conditions and are more likely to result in postoperative complications. Op erative variable analysis is shown in Table 6 .
Postoperative complications (systemic infections or SSIs, seizure, coma, unplanned reintubation, nerve injury, organ failure, graft failure, venous thromboembolism) oc curred in 1237 cases (12.6%) and were the strongest pre Table 7 .
For shunt operations with the highest readmission rates (CPT codes 62223, 62230, 62225; shown in Table 1 ), the overall 30-day unplanned readmission rate was 16.3%. Within these 3 shunt operations, the most common rea sons for readmission were shunt failure or mechanical device complication (ICD-9 code 996.2, 31.2% of read missions), need for another shunt procedure (CPT codes 62223-62258, 17.9% of readmissions), and organ or space SSI (8.5% of readmissions). Other less common reasons for readmission among the 3 shunt operations with the highest readmission rate included headache (2.5%), wound disruption (2.1%), and seizure (2.0%). Similarly, in patients who underwent craniectomy for excision of brain infraten torial tumor (CPT code 61518, 30day unplanned readmis sion rate of 13.9%), the most common reasons for read mission included hydrocephalus (19.2% of readmissions), wound disruption (11.5% of readmissions), and organ or space SSI (7.7% of readmissions).
Results from the multivariate logistic regression anal ysis are shown in Table 8 . Numerous variables emerged as independently significant risk factors, including (in order of decreasing odds ratio): deep incisional SSI; or gan or space SSI; wound disruption; superficial incisional SSI; graft or prosthesis failure; postoperative pneumonia; postoperative UTI; postoperative sepsis; postoperative seizure; Native American race; shunt or ventricular cath eter removal, replacement, or irrigation procedure; shunt or ventricular catheter placement procedure; MMC repair procedure; presence of any comorbidity; home discharge; oxygen supplementation; steroid use > 10 days; nutritional support; prior operation within 30 days of the current pro cedure; transfer from emergency room; preexisting sei zure disorder; and longer operative time. Several factors emerged as independently significant protective factors for readmission, including longer hospital stay, spine proce dure, and craniotomy for craniosynostosis procedure. In creasing length of stay proved to be a significant protective factor (OR = 0.956 per day increase, 95% CI 0.946-0.966, p < 0.001); however, this variable is not included in Table  8 because of the decreasing time window in which read mission can occur as the length of stay increases. Vari ables that did not remain in the model when applying a Bonferroni correction for multiple measures were Native American race, oxygen supplementation, home discharge, prior operation within 30 days of index procedure, longer operative time, MMC repair procedures, and shunt place ment procedures (marked with daggers in Table 8 ).
Receiver operating characteristic analysis for validation of the logistic regression model yielded a cstatistic, or area table 4. Patient comorbidities associated with unplanned readmission on univariate analysis* BMI = body mass index; GI = gastrointestinal; IV = intravenous; NA = not applicable; NG = nasogastric; TBI = traumatic brain injury. * Statistical analysis was performed using Fisher's exact test, chi-square test, or logistic regression, as appropriate. † Unadjusted odds ratio is in reference to the null state for variables without an explicitly defined reference category; that is, the odds ratio is in reference to cases without the comorbidity listed. ‡ Steroid use is defined as the use of oral or parenteral corticosteroid within 30 days prior to the principal procedure or at the time the patient is being considered as a candidate for surgery; it does not include short-term use such as a 1-time pulse, limited short course, or a taper < 10 days. under the curve, of 0.759 (95% CI 0.744-0.775, p < 0.001).
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An area under the curve ≥ 0.7 by ROC analysis indicates an acceptable multivariate logistic regression model with significantly greater predictive ability than chance alone.
Discussion
We have identified rates of unplanned readmission as well as independent risk factors for readmission in a na tional pediatric neurosurgical population. To our knowl edge, this is the first study in which the NSQIP database has been used to examine rates and risk factors for read mission after pediatric neurosurgery. While previous stud ies have reported return to system after pediatric neuro surgery at single institutions 9, 21, 26 or after pediatric shunt surgery, 20 the statistical power of a large national patient sample may provide a more representative picture of re admission outcomes for general pediatric neurosurgical procedures.
complications
Postoperative infection, particularly SSI, was the stron gest predictor of readmission. This observation is not sur prising given that SSI is not uncommon and is associated with significant morbidity and mortality, particularly if not caught and treated early. Surgical site infection has been shown to cause up to 70% of reoperations after pediatric spine surgery 17 and is one of the strongest predictors of readmission after pediatric plastic surgery. 23 However, the relatively high rate of SSI and readmissions related to SSI could indicate a need to continue to study and improve preventative measures before, during, and after surgery (prophylactic antibiotic use, close monitoring of sterile technique, postoperative wound monitoring or cleaning) to prevent occurrences of SSI and SSIrelated return to system. Additionally, wound disruption was a common reason for readmission and was independently associated with readmission.
Shunt failure was the most common ICD9 diagnosis on readmission. In pediatric neurosurgery, shunt failure is a common and oftentimes unpreventable phenomenon, occurring in approximately 12% of pediatric shunt proce dures within 30 days or less, 11 and up to 46% of procedures had reported failure rates when the followup period last ed up to 1 year. 6, 10 The 30day readmission rate for shunt operations (15.7%) in this study is substantially similar to that published in previous work 20 and may be useful as a benchmark for future studies aimed at lowering adverse shunt surgery events. As expected, the majority of read missions after a CSF shunting procedure were related to recurrent shunt difficulties. Aside from shunt failure, how ever, infectionrelated readmissions (organ or space SSI and wound disruption) were the most common reasons for readmission among the shunt procedures with the highest readmission rates. These results indicate that measures to prevent SSI and wound disruption could help to reduce un planned readmission after pediatric neurosurgery.
Readmission occurred, on average, approximately 2 weeks postoperatively. Given that postoperative infections (systemic or SSI) were the strongest predictors of read mission, it is expected that the time course to readmis sion would follow a course similar to the time required for common infection complications to develop. Again, this finding highlights the need for improved postoperative wound monitoring and better operative wound manage ment to prevent unplanned readmission. The present study supports the notion that ongoing efforts to minimize SSIs in pediatric neurosurgery have the greatest potential to re duce readmission rates.
Patient-related Factors
The percentage of patients with any comorbidity was 91.3%, and 45.3% of patients had any non-CNS comorbid ity. The high comorbidity rate in pediatric neurosurgery relative to that in other specialties could be one possible cause of the higher readmission, morbidity, and mortal ity rates observed in this specialty relative to the rates in others. 4 Comorbidities independently associated with re admission included the presence of any comorbidity, ste roid use, oxygen support, nutritional support, and seizure disorder. Chronic steroid use has not been well studied in pediatric populations, although some institutions have ini tiated steroid avoidance protocols before renal transplanta tion surgery. 15 Nutritional support has been indicated as a risk factor for readmission after pediatric cardiac surgery 16 and cleft palate repair. 19 The comorbid conditions that have a strong association with unplanned readmission could be used as preoperative risk stratification variables. Patients who are considered high risk based on these findings may benefit from more careful discharge planning or increased outpatient attention in an effort to prevent readmission.
Native American race emerged as an independently significant risk factor for readmission. Native American race has been reported as a risk factor for readmission af ter orthopedic surgery 12 and following sepsis, 8 although its association with readmission after pediatric neurosurgi cal procedures has not been observed to our knowledge. While a plausible explanation for this is not apparent from these data, it is important to note disparities such as this as an area for future study. An important caveat to this obser vation, however, is that Native American patients make up a very small proportion of the NSQIP sample. Therefore, observations about this population are potentially subject to error given the magnified effect of small numbers of readmissions in a population with a small denominator. Furthermore, we were unable to determine socioeconomic or geographical data from the NSQIPP data set, both of which may contribute to demographic differences in read mission rates.
Procedure-and hospital-related Factors
We observed a higher rate of readmission among pro cedures related to CSF shunts, MMC repair, and crani otomy for infratentorial tumor excision. These findings are perhaps unsurprising as these procedures are typically performed in patients with multiple comorbidities and often require close follow-up for revisions. Previous stud ies have shown high rates of return to system in pediat ric shunt surgery, with readmission rates similar to those reported here. 20 Interestingly, 4 of the 5 procedures with the highest readmission rates accounted for over 40% of all procedures in the NSQIP-P neurosurgery cohort. Of the procedures with the highest readmission rates, opera tion for MMC repair was the least frequently performed (1.3% of all procedures), and its high readmission rate is expected given the myriad comorbidities that often occur in patients with MMC.
5
Emergent or urgent triage status and admission through the emergency department were significant predictors of unplanned readmission on univariate analysis, although emergent or urgent triage was not a predictor on multi variate analysis. These findings are not surprising, yet they may aid in patient risk stratification when ascertaining pa tient readmission risk preoperatively.
Interestingly, a longer hospital stay was a significant protective factor in multivariate regression. This observa tion lends credence to the idea that for health care pro viders the goals of decreased hospital stay and decreased readmission may be competing.
14 Efforts to decrease hos pital length of stay may lead to increased readmission and vice versa. However, our data capture readmission within 30 days of the primary procedure, not from discharge; therefore, it follows that a longer hospitalization decreases the chance of readmission within 30 days because of a smaller window of time in which readmission (as defined within 30 days of the primary procedure) can occur.
study limitations
This study has several limitations. First, the NSQIP-P database is limited by the type of data provided by the par ticipating institutions and by the NSQIP categorical vari ables. Although the NSQIP-P is a national database, the case sample is not necessarily nationally representative. Trauma cases are not included in the database. Certain pro cedures (for example, CPT code 62201: endoscopic third ventriculostomy with choroid plexus cauterization) are not included either. The severity of categorically coded condi tions cannot be ascertained, limiting our ability to associ ate certain patient conditions with readmission outcomes. Some comorbidities (for example, cardiac risk factors) are insufficiently granular and do not allow for differentiation between different comorbidity subtypes (for example, atri al septal defect vs hypertrophic cardiomyopathy). Facility identifiers are not included in the NSQIP, which prevents analysis of facility outliers with substantially higher or lower rates of readmission. As is the case with many pa tient databases, preventative preoperative measures are not tracked, probably resulting in overestimation of risk fac tors. Furthermore, not all patients had their preoperative laboratory values measured; albumin and AST had miss ing value rates of greater than 80%, limiting our ability to interpret statistical analysis of the differences in preopera tive laboratory values between groups. Data on the exact reason (that is, the ICD9 diagnosis) for readmission in the NSQIP are not always reported or entirely clear. Of the 1098 unplanned readmissions, 746 (67.9%) were directly related to the primary procedure. Of the remaining 32.1% of readmissions unrelated to the primary procedure, the NSQIP data abstractors may not have captured the rea son for readmission, which could limit the thoroughness of our readmission reason results. Using readmission as an outcome measure has particular caveats as higher or lower rates of readmission alone may not necessarily indicate poorer or better surgical care quality. Finally, the large number of variables analyzed in creases the risk of Type I error, or false-positive findings. The Bonferroni method of multiple measures correction is very conservative, greatly decreasing the risk of incor rectly rejecting the null hypothesis (Type I error), but at the cost of increasing the risk of incorrectly accepting the null hypothesis (Type II error). In most multivariate logistic regression analyses, a higher a is accepted when selecting variables to include in the model in an effort to avoid inappropriately excluding important variables. Thus, we present the corrected model for reference but base our discussion on the uncorrected model.
Despite these limitations, this study may aid surgeons in identifying procedures and patient risk factors that predispose patients to a higher risk of readmission after pediatric neurosurgery. Patients undergoing longer pro cedures or procedures related to CSF shunting, MMC repair, or craniectomy for infratentorial brain tumor exci sion are at greater risk for readmission, especially if they are transferred from the emergency department. Patients undergoing spine procedures or craniotomy for cranio synostosis have a lower risk of readmission compared with those undergoing other procedures. Patients who are Native American, have any preexisting comorbidity, have undergone an operation in the previous 30 days, or have a seizure disorder should be considered at greater risk for unplanned readmission. In addition, patients who require oxygen supplementation, nutritional support, or longterm steroids should also be considered to have a greater risk for readmission. Finally, patients who experience post operative infection (SSI or systemic infection) should be considered at the greatest risk for readmission. These data may also prove useful for family and patient counseling prior to neurosurgical operations. conclusions This is the first study to use the pediatric NSQIP data to examine hospital readmission after shunt and nonshunt neurosurgical procedures in pediatric patients. Hospital readmission rates in this study are similar to previously published rates from other sources. Unsurprisingly, SSIs and woundrelated complications are some of the most important contributors to hospital readmission; therefore, efforts directed at reducing infection may have the greatest impact on readmission.
There is significant readmission rate variability among different procedure categories. Procedures with the high est rates of unplanned readmission were CSF shunt revi sion or removal, MMC repair, CSF shunt placement, and craniectomy for infratentorial neoplasm. Procedures with the lowest unplanned readmission rates were spine pro cedures, craniosynostosis craniotomies, and skin lesion procedures.
We have identified many patient-related factors asso ciated with readmission, such as longterm steroid use, the need for nutritional support, and oxygen dependency. While these are not modifiable risk factors, they can be useful in identifying patients at high risk for readmission who could benefit from discharge planning or direct ef forts to facilitate safe hospital discharge without readmis sion.
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